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TECHNICALNOTENO.356.

SOMECHARACTERISTIOSOFFUELSPJ31YSFROHOPENNOZZLES.

By A. ii.RothrockandD. W. Lee;

Sumrmry.

Thepenetrationandcone-angleof fuelspraysfronopen

nozzleswererecordedwiththeN.A.C,A.SprnyPhotogrp.phy

Equipment.Theresultsshowthr.tforinjectionsystem in

whichtherateofpressureriseat thedischargeorifioeis

high,opennozzlesgivespray-tipvelocitiesandpenetrations

whichcomparefavorablywiththoseof closednozzles.The

spraycone-anglewas thesR.nqforalltests,althoughopen

nozzlesha-ringdifferentorificediameterswereused,andone

nozzlewasused“~othas an openandas a closednozzle. In

designinga fuelsystenusingopennozzles,particularctme

nustbe takento avoidairpockets.Thecheckvalveshould

be placedcloseto thedischargeorifice.

Introduction.

Whenopennozzlesareusedin solid.-injectionengines,

no injectionvalveisnecesrxwy.Instead,a checkvalveis
●

usedto preventtheflowingof cylindergasesintothefuel

# systemduringthepartof thecyclewhenno fuelisbeing
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injected.Thisarrangement

Theopennozzleisnowused

356

simplifiestheinjectionsystea.

on thePncknrdandJunkersair-

2

craftDieselengines,showingthatitsndv?~it~.a-snrebeing

recognized.However,withpumpinjectionsystem suchns nre
\

on theseengines,theopennozzlegiveslowspzny-tipveloci-

tiesduringthestartof injectionendalsoat lowspeedsbe- ,

Ce.usethepres8Uesforcingthefuelt’~oughthedischarge I
orificearenecessarilylow(Reference1). Theopennozzle I

willprobablyfindmorefavorin a fuelinjectionsystemin

whichtherateofpressureriseat thedischargeorificeis

highat allenginespeeds.Sincetheinjectionsystemof the

N.A.C.A.SprayPhotographyEquipment(Reference2) gi~esa high

rateof pressureriseat thedischargeorifice(Reference3),

an investigationwasundertakenwiththisequipnentto deter-

minethespraycharacteristicof opennozzlesnndto comp,are

thesecharacteristicswiththoseof closednozzles.Thetests

wereconductedat theLangleyHemorialAeronnuticnlLaboratory,

LangleyField,Va.

Appar~LtusandMethods.

Thecommonrailinjectionsystemof theN.AiCo*~*Spray.

PhotographyEquip~entis showndiagr.ammaticr,llyinFigure1.

Theliquidfuelwasforcedudderpressure,by neansof a ~nd

pump,intotilehigh-pressurereservoir.Thetiming-valvecam

wasoperatedby o clutch,which,Whcil engr.ged,causedthecaii-



N.A.C.A. Tec”hnicnlNoteKo.356 3

shaftto makeonerevolutionat n speedof 950r.p.m. Theratet
ofpressurer~seat thedischargeorificeis independentof the

camshaftspeedbetweent-hevaluesof 470and1140r.p.m., as

hasbeenshowninReference3. As thetiming-valvecamlifted

t-hetiming-vnlveneedlefrouitsseat,thefuelunderpressure

in thereservoirwasreleasedthrou@ theinjectiontubeto the

dischargeorifice.Approximately0.004secondlater,a second

camopenedtheby-pnssvclve,relet.singthefuelto atmcmpheric

,pressure.Sincetheareaof theby-passvalvegreatlyexceeded

theareaof thedisclunrgeorifice,thepressurequicklydropped

to atmospheric,whichcausedtheinjectionto cease. Theairin

thespraychmlberwasmaintainedat densitiescorrespondingto

thosein thecombustionchambersof co-apression-ignitionengines,

buttheairwasat atmospherictemperature.High-speednotion

picturesof thesprayweretakenat therateof approximately

4000per secondwiththeH.A.C.A.SprayPhotographyEquipment

(Reference2). A typicalseriesofphotographsis shownin

Figme 2.

Thepenetrationof thespraytipwasmeasuredfroma smooth

curvedrawnthroughthespraytipsof thesuccessivephotographs

(Figure2). Themethodof measuringthespraycone-angleis

alsoindicr.ted.Tilefigureshowstlm.tthestr.rtof injection

wasobtninedby extendingthetime-penetrationcurveto zero

penetration.Thismethodresultedin an inaccuracyin thetime

of thestartof injec$ionandintheformof thecurveduring

thestartinginterval.
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Withtheopennozzles,a ~tudyof thestartof

wasparticultnrlydesired.Consequently,continuous

4

penetration

photographs

wereobtainedof themovementof tlhesprnytip. Theapparatus

wasalteredby mountinga 1000-wattbulbin thereflectorof the

sprayphotographyequipnent.Thelightwasfocusedon thespray

chamberas itwaswiththesparkdischarges.Thecamerawas

equippedwithan automnticshutternhichwas operatedfromthe

camshaftsothatthe

fromthefuelspray,

theinjectionof the

lightfromthe1000-wattbulb,reflected

wasadmittedto thecameralensonlyduring

fuelspray. TheshuttertimingJ7ZLSvfiaried

in thesamenom.neras thesparktining(Reference2). A char-

acteristicsprayphotograph,tnkeninthismanner,is sho~ in

Figure3. Fromthesephotographs,continuousspray-tippene-

trationcurveswaredrawn. In thephotographsreproducedin

thisreport,thestartof injectionhasbeenretouchedbecause

thelightreflectedfroatheedgeof thespraychamberobscured

theimageof thespray.

Theopen-nozzleholderandtheopennozzlesareshownin

Figure4. Thenozzleswereallmadegeonetricnllysimilarso “

thattheirdischargecoefficients‘wouldbe thesame(Reference

4). Thetestson theopennozzlesweremadewithandwithout

theball-checkvalveshownin thefigure.Thetestswiththe

checktialveweremadewiththevalvemounted:asshown,andwith

thevalvemountedadjacentto theby-passandtimingvalve

connections.Theminimumflowareain thisv~.lveis .005squhre

inch,or aboutseventimesthenrenof thelargestnozzleorifice

—
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used.

Thenozzleusedin thecomparisonof theopen

nozzlesis shownin Figure5. Fortheopennozzle

andclosed

testsit

wasmountedintheholdershowninFigure4; andfortheclosed

nozzletests,itwasmountedin theautomnticinjeotionvalve

shownin Figure5.

Thefuelwasa highgradeDieseloilwitha specific

gravityof 0.85at 80°F.anda viscosityof 0.048poise,or

44 SayboltUniversalseconds,at atmosphericnressureand80°F.

Theinjectiontubeshndan internnldiameterof 1/8inch

andan externaldiai~leterof 1/4inch.
#

TestResultsandDiscussion.

Testswithoutcheckvalve.-Theopennozzleswerefirst

testedwithoutthecheckvalveinplace. Justbeforeeach

photographwastaken,theinitial-pressurecontrolvalve

(Figure1)wasopened,andfuelforcedthroughthenozzle

withthehandPU@ to clininatennyo.irthathq.d”enteredthe

systemowingto theabsenceof t-necileckvalve.

Figure6 shows,forthethxeeorificesizes,theeffects

of injectionpressureon tilespray-tippenetration.Wch m.rve

of Figure6 wcsobtc.ii~edfroncm averageof severalrecords

tm.kenur.der,thesr~etestconditions,sincethespray-tippene-

trationvnriedin successivetests,althoughtheexperimental

conditionswereapparo-ntlythesazae.An exauirmtionof many
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photographs,tnkenwiththespr.rkdisch’.zge,ledto thecon-

clusionthatanydecidedchan~ein thesprny-tipvelocityof

a singlesprr.ywasr.ccorqmniedby a.changeinforiiof thespray

tip. Thosprny-ti~velocitywr.sgreaterwhenthetipswere

pointedthanwhenti?eywererounded.An exnnpleof t-hisis

shownin Figure2. Thesecondc.ndthirdphotographsshow

shzzrptipsand

followingshow

Beardsley

high-tipvelocities,whereasthephotographs

a roundin~of t-netipanda lowervelocity.

(Reference5),inhisinvestigationof the

reproducibilityof fuelsprays,foundthr.tm initinlpressure

of 1000W. ~3ersq.in.in theinjectiontubewasnecessary

to reproduceresultsconsistently.Thepresenttestswere

mndeeitherwithataosp~ericinitialprecsure,

initialpressw-eequalto theciumherpressure

valvewcsnotused. However,t-hevari?.tionin

takenuiiderthe

2 and3). That

nozzleso~lyis

scmetestconditionswassmall

orwithcm

whenthe check ..-

photographs

(conpareFigures

thisvnriationis nota characteristicof open

shownby Ber.rdsley!swork(Reference5),ns

well r.s by records

investigation.

Thecu-vesin

nde withclosednozzlesin thepresent

Fi~-e 6 showtlr.t,wheneith,ortheorifice

diameterW?,Sincrer.sedor theinjectionpressm-e

tilerewas a tendencyforthecurv-esCLtthe stp.rt

to showCa“reversecurvatu-e.Thisphenomenonis

wcsdecreased,

of injection

e~lainedby

themo~kofRot~-ock(Reference3) oa thepressurevariations



N.A.C.A.TechnicalNoteNo.356 7

in theinjectionsystemusedinthesetests. Therateofpres-

sureriseat thedischargeorificewasfoundto decreaseeither

withan increasein orificediameterorwitha decre,asein

injectionpressure.Thetrendof thecurvesforthevarying

pressuresandorificediametersis thesaneas foundby Gelalles

inhis investigationof closednozzles(Reference6).

Figure7,whichalsorepresentstheaverageof several

tests,showstheeffectof thedensityof theair in thespray

chzzmberon thespraypenetration.Again,theeffectwasthe

sameas withtheclosednozzles(Reference7’).

Figure8 showstheeffectof injection-tubelengthon the

spray-tippenetration.Thereis littledifferencein thepene-

trationforthedifferenttubelengths,nor isanydefinite

trendapparent.Beardsley(Reference5),in hisworkon sprays

fromclosednozzles,foundt’hatthepenetrationincreased

slightlywithan increzisein tubelength.InFigure8, andin

thefiguresfollowing,enchcurvewnsplottedfroma single

record.

the

The

Effectof checkvalveon spraypenetrations.-Theeffectof

checkvalveon the spraycharacteristicswasdetermined.

resultsareshowninFigures9 and10. Inthetestfroril

whichcurve1 of Figure9 wasobtmiried,no checkvalvewas

used,but thelinewascarefullyfilledwithfueljustbefore

enchinjectionoccurred.Curve2 was obtninedinthesarfie

manner,exceptthntthe checkvalvewasinsertedinthe line

—
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betweentheby-p?.ssandtiming-valveconnection

tube. A comparisonofthetwocurvesindicates

8
1

andtheinjection

thattheoheck

valverestrictedtheflow. Thetestsfromwhichcurves3 and4

wereobtainedweremadeunderthesameconditionsas thetest

forcurve2, exceptthntthelinewas

thehandp~wlpbeforeeachinjection.

an injectioninadea fewsecond~aftm

andctirve4 is from-aninjectionmade

precedinginjection.Thecurvesshow

notfilledwithfuelby

Curve3 wasobtainedfrom

thepreviousinjection,

sever?.1ninutesaftera

thntbothinjectionswere

unsatisfactory.Possiblyafterthetimingvo.lveclosed,some

of thefuelcontinuedto dischargebecauseof itsinertia,and

air,enteringeitherthroughtheby-passve.lveor throughthe

nozzle,causedthenextinjectiontobe materiallyaffected.

Thecurvesobtainedfromtestsinwhichthecheckvalve

wasplaced‘inthenozzleholdergavenuchbetterresults

(Figure10). ‘Thetestfronwhichep.chcurve‘wasobtainedwas

rununder

sentedin

Figure10

thesnmeconditionsas thecorrespondingtestrepre-

Figure9. A conpnrisonof curves1, 2, and3 of

showsthattherewasvirtunllyno restrictionin the

checkvalve,andthatno air collectedinthe systenbetween

successive‘injections.Ina high-speedengine,thetimebe”tween

injectionsis extremelyshort. Consequmtly,curve3 maybe

appliedto engineoperatingconditions.Whenseveralminutes

elapsedbetweeninjections,curve4 wasobtained.Therecord

fromwhichcurve4 wasplotted

ently,atfirsta smallmount

is showninFigure11. Appar-

offuelwasdischargedfronthe
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.-.or~~Ice at a 10W-velocity. Approximately0.001secondlater,

t~le~{la+indisch?,rgeoccu~i-ed.Thisbehaviorwaspossiblydueto

t:hepresenceof air iv-the fuel SySteF.inem the ‘nozzle, the air

having entezedintothe sys’~erlduringtilei~-te~-r-.lbe-tween

injectiom.

trationof spraysfTomopenP.n.dclosednozzles.With tileclosed

D-ozzlc,~,valveopeningpressureof 500lb.per sq.i-n.less

than the injectioilpressuze,and an iiliti.:alpresmre of 500l-b.

per sq.in., wereused. Whenthesystemwasfirstassenbled
.

withtb-eopennozzle,theplottedresultsgavethec-drvess~~own
. ?.S10ZL~an-dsho~tdashes, eventhoughthesystem-wasfilled

with oil

cmdthen.

systeu.

obtained,Theconclusionto be drama-is th~4t,illthedesign

of al injection systememployingopen‘nozzles,c(~.remustbe

takento preven-itheformationofairpockets.

A cofig2arisonof thecxrvesinFi~ure12 showsthatthe

penetrationr.tt-hestart of injectionwadsless with th-eOpel’

nozzles tkll with- the clos.xi. Afterapproximately0.0005

second,theCUXV&S for theopen nozzles show a reverse curv-

.
ature. TImreafter,the spray-tipvelocity is approximately

*
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spray-tipvelocityfortheclosednozzle-isdueto thefactthat

thefuelat thedisclmrgcorificewnsundera highpressurebefore

disch?.rgestarted.Withthe

soon0s thefuelpressureat

in t-nespraychamber.

opennozzle,dischargestartedas

theorificeexceededthepressure

Spraycone-angle.-Inallthedataobtained,thespraycone-

mnglerenr.inedat approximately18°,regardlessof orificesize

orwhetileran openor closednozzlewasused.

Conclusions.

Thefollowingconclusionsaredrawnfrouthetestresults

presented:

1.Wnenopennozzlesareusedwithm injectionsystem .

givinga highrateofpreesureriseat thedischargeorifice,

thespray-tipvelocitiesandthecone-anglesof thesWQYs.

conparefr.vorablywiththoseof sprnysfromclosednozzles.

2.Whenusingan opennozzle,the checkvalveshouldbe

plncedcloseto ti~enozzle.

3. In designingan injectionsystemforusingopennozzles,

c~.rcnustbe to,tiento ~.voidair pocketsin thesystem

LangleyMenoridAeronauticalLn.boratory,

NationalAdvisoryComjitteeforAeronautics,

LangleyField,Vs.,Novernbex5, 1930.
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F@.2 Sperlcphotograph made with an open no~zle and without a check valve.
Nozzle dlemeter . . . . . . . O.CQOin.
Injection preseure . . . . . . 4000 1~.jsq.in. K
OMm~erfirdensity. . . ● . 1*1Olb./cll.ft.
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5

Aw-

6 0.0605 0.0610
Time,seconds

Fig.ZSpraypenetrationphotographmadewithan open
nozzle andwithouta cheekvalve.
Nozzlediameter. . . . ● ● 0~C20in.
IxQectionpressure. . . . . 4000lb./sq.in.
Ohamberair density . . . . 1.10 lb./ou.ft.

w- .,*. .. ...

———. .3
0-

; 0.CJ05 O.dlo 0.0815 O.&o
Time, seconds

3Pig.11Spraypenetrationphotographmadewithan open
nozzle andwitha ball cheek-valve2.5Ufromnossle~
Nozzlediameter. . . . . . . 0.C!2din.
Injectionpressure~. . ● . .4000lb./eq.ln.
Ohamberair density . . . . . 1.10 lb./ou.ft.
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.030 inch

~ig.~Opennozzlolioldertit~btilclmckvalve.
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>00

Fig.5 Automaticinjectionvalveandnozzleusedin comparison
of openandclosednozzles.

Fig.5

Enlargedviewof nozzle.

Orificediameter= .030inO

Orificelength= twice
orificediameter.

●
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ZL-3000
b-6000
C-4000
d-2000
e-looo

-q -cd
PI
-P Ori ficediacter, ,OlcIin.
31“

chfiabarair
1.10 l-c./cu.

o .001 .002 .003 .004
Time,sec.

0

Tii~e,sec.

●001 ,002 .0
Time,see.

●020 in.

Y->

)3 .004

<

,030iii.

>

‘3 ●004

Fig.

lb. /in2
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II II
It !1
1! II

.

Effectof
injection
pressure
andOrifiC~
diametsron
spraytip
penetration
fromopen
nozzels
withoutcheck
valve.
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Figs.7,8

2.-1.35lb./cu.ft.
b-1.10 ‘1 l! 11
c- .84 ‘1 ‘1 1’

Orificediameter,
0.,020in.

Injectionpressure,
4000lb../sinin.

Fig.7 Effectof ch~.mberairdensityon spray
tippenetrationfroman opennozz2e
wit-bouta checkvalve.

a-38.Oin.
b-7’o.o“
c-26.5 ‘~
d-13.5 ‘l
Injection
4000lb./sq.in.
Orificediamtcr,
.020inch.
Chaxbarairdensity
1.10lb./cu.ft.

Tine,sec.
Fig.8 Effectof injectiontubelengthon spray

tippenetrationfron an open nozzlemith-
outa checkVB,IVQ.

,
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Fig.

Injectionpressuze,4000lb./sq.ia.
Ohaaberairdensity,1.10lb./cu.ft.
Orificodiaueter,0.020inches.

..

Fig.9

.001 .002 .C03 .004 .005
Time,SCC.

l-Nocheckvalvein liil~.Tubefilledwithfuelby hand
pumpbutwacniajoctiom.

2-OheckVEQVCadjacentto tiuingvalveandbJ-FasGvalve
corlil(?ction.Tubofilk#L Tith fuelby handpur:pbetwe~n
injections,

3-ckeckvalvelocatedac forIre.2. TUbGnotfilled-mith
fuelby handpumpbctnccainjacticns.Recordtaken
~ithina fansecondsaft~rpzacedinginjection.

4-SW5 conditionsas No.3 Gxceptthatseveralninutes
elapsedsiaceprecedinzii~jection.

9 Effectofballcheck-valveplacedin fu:slline
nearthetir~ingvalveon spraytippenetration

froman Opznnozzle.

.

.
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Injectionprescnma,4CO0lb./sq.in.
Chamberairder.sity,1.10lb./cu.ft.
Orificediameter,0:020inches.

0 ..001 .002 .0
Time,sec.

Fig. 10

No.1-l?ocheckvalveUSC?5..Tu36filledwithfuelby hand
pumpbetweeninjecti~ns

No.2-Checkvalvein nozzleholder.Tubefilledas in No.1
No.3-Checkvalvein nozzleholder.Tubenotfilledby hand

pumpbetweeninjections.Recordtaken~ithina few
secondsof precedinginjection.

No.4-6ameconditionsas No.3exceptthat
elapsedsinceprecedinginjection.

Fig.10 Effecton spraytippenetration
check-valve2-2/21’fromcm opsn

severalminutes
●

of a ball
nozzle.

b

b

-. -. .-. —



.

I

5

4

1

0

. .-!

4000-
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1;0Zle C.is.m ter, .030

.

ChEmberaird.ensity,1.101-t./cuft.

Injeotior preEw-medenotedoI.curveair.lb.)f3q.ir..

.001 ..002 .003
Time,sec.

I1OZZICusedin sutoudiciwiectionvalve.
----- ~ozzlcuOe~in opm nozzle~older.Aircarefullyreuovodfromsyst~m.
—-— NozzleuOodI.nopennozzleholderbeforedx r?asrcmovc~

~lg.12 Spraypenetrationsrrithopenandclosednozzle.
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